Modern imaging technologies have a major impact on spinal and intracranial neurosurgery. Better visualization by the operating microscope has markedly enhanced intraoperative handling and patient safety. Endoscopic-assisted neurosurgery enables the surgeon to look "around the corner" into an internal meatus or around a brain vessel to ensure that a clip is correctly placed in aneurysm surgery. In the past decade, computer-assisted image-guided surgery (neuronavigation) has been developed to assist neurosurgeons in performing surgery more safely, efficaciously, and cost effectively. Neuronavigation allows the neurosurgeon to localize the lesion more accurately, to determine the lesion size, and to choose a safe surgical corridor by which to approach the lesion. Currently available systems include frame-based or frameless systems that are based on different localizing techniques as passive pointers, LED-integrated optical pointers, or electromagnetic systems. All these image-guided systems, however, require imaging data (CT and MR imaging as well as, more recently, integrated functional MR imaging, positron emission tomography, and magnetoencephalography) acquired preoperatively. None of these systems can provide surgeons with information about intraoperative dynamic changes such as brain shift due to loss of cerebrospinal fluid, tumor debulking, or brain deformation caused by patient positioning. Knowledge of these changes is crucial in determining the amount of brain tumor to be resected, which is one of the key factors of postoperative progression-free interval and survival. Recently, intraoperative MR imaging was introduced by our group and others 2, 7, 15, 16, [20] [21] [22] [23] [24] [25] [26] [27] to solve some of the aforementioned problems. Although excellent in discriminating a lesion from the surrounding brain by the presence of tissue contrast, MR imaging is a bulky device, interfering with many surgical instruments, including the operating microscope and many electronic systems in the operating room. Therefore, other groups prefer to use intraoperative ultrasonography 4,5,10,11-14,17,19,28 as a real-time monitoring device, which is easier to handle and less costly. However, Object. The authors undertook a study to compare two intraoperative imaging modalities, low-field magnetic resonance (MR) imaging and a prototype of a three-dimensional (3D)-navigated ultrasonography in terms of imaging quality in lesion detection and intraoperative resection control.
Methods. Low-field MR imaging was used for intraoperative resection control and update of navigational data in 101 patients with supratentorial gliomas. Thirty-five patients with different lesions underwent surgery in which the prototype of a 3D-navigated ultrasonography system was used. A prospective comparative study of both intraoperative imaging modalities was initiated with the first seven cases presented here.
In 35 patients (70%) in whom ultrasonography was performed, accurate tumor delineation was demonstrated prior to tumor resection. In the remaining 30% comparison of preoperative MR imaging data and ultrasonography data allowed sufficient anatomical localization to be achieved. Detection of metastases and high-grade gliomas and intraoperative delineation of tumor remnants were comparable between both imaging modalities. In one case of a low-grade glioma better visibility was achieved with ultrasonography. However, intraoperative findings after resection were still difficult to interpret with ultrasonography alone most likely due to the beginning of a learning curve.
Conclusions. Based on these preliminary results, intraoperative MR imaging remains superior to intraoperative ultrasonography in terms of resection control in glioma surgery. Nevertheless, the different features (different planes of slices, any-plane slicing, and creation of a 3D volume and matching of images) of this new ultrasonography system make this tool a very attractive alternative. The intended study of both imaging modalities will hopefully allow a comparison regarding sensitivity and specificity of intraoperative tumor remnant detection, as well as cost effectiveness.
many problems, such as correlating preoperative MR images with intraoperative ultrasonography images (that is, different data formats) and the evaluation of tumor remnants with high sensitivity and specificity, have not been solved yet. Based on our experience with 320 cases in which surgery was performed with the assistance of intraoperative MR imaging, we decided to undertake a prospective study to compare intraoperative MR imaging and high-end 3D ultrasonography. 11 The first preliminary results are presented in this report.
CLINICAL MATERIAL AND METHODS
One hundred and one procedures were performed with the assistance of intraoperative MR imaging (0.2 tesla, Magnetom Open; Siemens, Germany) and the update of navigational datasets for supratentorial gliomas. The postoperative course of these patients (minimum follow up 6 months, mean follow up 22.2 Ϯ 9.5 months) was analyzed, as were intraoperative imaging quality, interpretational difficulties, and the extent of tumor removal. These data were presented in an earlier paper. 26 Thirty-five patients underwent intraoperative 3D-navigated ultrasonography (UltraWand; Mison, Trondheim, Norway) equipped with a high-end ultrasonography scanner and a high-end G4 personal computer (G4 Power PC; Apple Computer, Cupertino, California, USA) with an active optical LEDbased positioning and digitizer system (Flashpoint 5000; Image-guided Technologies, Inc., Boulder, CO) (Fig. 1) . This system is a prototype version of the final product SonoWand.
11 Finally in 7 patients both imaging modalities were used simultaneously.
The integration of an ethernet link into the UltraWand allowed it to be used like other navigational devices, importing imaging data from the neuroradiological suite. A direct link beween the ultrasonography unit and the navigation system allows for the rapid transfer of the imaging information without loss of quality. A 4 to 8-MHz phased array probe allowed overview images and the creation of freehand 3D images. The ultrasonography probe and the pointer are linked to active LEDs and can be tracked by the camera system (Fig. 2) .
The 3D images are created by tilting the ultrasonography probe over 90°within 15 seconds. A pyramid-shaped volume of the region of interest is acquired and can be compared with pre-or intraoperative MR images. With two-dimensional real-time ultrasonography data slices in any direction are created and can be compared with the corresponding CT or MR images (Figs. 3-5 ). Additionally a pointer can be used, as in other navigational systems, which is displayed as a dashed line on the corresponding images and demonstrates the actual position of the instrument within the MR image and the 3D ultrasonography datasets. Blood vessels are easily detected using the flow mode of the ultrasonography unit.
RESULTS

Tumor Detection Prior to Resection
There were no intraoperative complications related to either imaging procedure. Imaging quality was good or fair in 85.5% (101) of the cases in which MR imaging was used and in 70% (35) of the cases in which ultrasonography was performed. Good imaging quality was defined as exact tumor delineation, as judged by three different readers (two surgeons and one radiologist). Fair imaging quality was considered to have been obtained in cases in which the tumor margins could not be delineated with certainty. In 30% of the cases the UltraWand was used as a pure neuronavigational tool. In another 30% of the cases it was difficult to delineate anatomical landmarks by ultrasonography alone. The combination and matching with preoperative MR imaging data allowed sufficient anatomical localization. The optical tracking system showed a high reliability. The main advantage, however, is that the device can be used as a navigational system, as a pure ultrasonography imager, or in combination.
Intraoperative Resection Control
The creation of a 3D volume, which is used to match intraoperative data with preoperative MR imaging data, demonstrated sufficiently intraoperative brain shift. Therefore, intraoperative resection control in glioma surgery or other procedures is feasible. Good imaging quality was considered to have been obtained in cases in which there was certain delineation of tumor remnants or tumorfree resection area. The few combined studies revealed visualization of low-grade tumors was increased on ultrasound images; a case with a pilocytic astrocytoma of the posterior fossa was not well detected by ultrasonography. In metastases (Fig. 3) and high-grade gliomas (Fig. 5 ) the primary visualization of ultrasonography is comparable with intraoperative MR imaging. However, the interpretation of ultrasound images during the resection requires improvement. In three of our cases in which combined imaging was performed, tumor remnants were less visible on intraoperative ultrasound images compared with intraoperative MR images. Further, in one case the resection border was considered inconspicuous on intraoperative ultrasonography, whereas a biopsy sample-proven tumor remnant could be detected by intraoperative MR imaging. This may be in part due to the fact of the learning curve: neurosurgeons are more inclined to interpret pre-and intraoperative CT or MR images than ultrasound images.
DISCUSSION
Ultrasonography as a diagnostic tool is widely used in neurosurgery for the detection of deep-seated lesions. However, its use in intraoperative resection was disregarded because of its low-quality imaging capabilities in
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Intraoperative imaging technology the past two decades. Computerized tomography and MR imaging-guided computer-assisted surgery, or neuronavigation, has evolved since the mid-1980s. However, several researchers have attempted to combine intraoperative neuronavigation and ultrasonography to obtain real-time control during surgery. At present high-end ultrasonography systems provide the surgeons with excellent imaging quality, [11] [12] [13] [14] 19, 28 although neurosurgeons are usually still more prone to read and interpret CT or MR images. The extent of tumor resection has been recognized as one of the factors determining a patient's survival, and this is true in cases of high-grade gliomas 1,9,18 but especially in those of low-grade gliomas and pediatric tumors.
3,6,8 Although navigational systems enhance the completeness of tumor resection to some extent, 24 the ability to determine intraoperative resection control was a logical progression for neurosurgeons. Currently several competitive concepts exist. Although CT scanning in general is not recommended because of the use of ionizing radiation, low tissue contrast, and problems in differentiating blood in the resection cavity or resection margin from any residual tumor, introperative ultrasonography might be an attractive alternative to intraoperative MR imaging. Restriction of space in the operating room and lower costs as compared with MR imaging are additional advantages. Hammoud, et al., 12 conducted a prospective study of 34 patients harboring metastatic tumors and 36 patients harboring gliomas, comparing the use of intraoperative ultrasonography and postoperative MR imaging. They found that ultrasonography provided a good delineation of the tumor border in 83% of the primary gliomas and in 60% of the recurrent tumors. However, in patients who had previously undergone irradiation, tumor localization was difficult in 38%, and determination of the tumor border in 85%. Metastatic lesions were easily localized and their margins detected. The extent of resection was well defined in all of their patients (in five of 18 patients, however, only subtotal tumor resection was achieved), in 80% of the recurrent gliomas and in none of the patients who had undergone irradiation. Still unsolved is the question of which imaging modality demonstrates higher sensitivity and specificity in the detection of tumor remnants. Therefore, comparative studies are mandatory. Mäurer, et al., 19 performed a comparative study of early postoperative MR imaging, CT scanning, and transcranial sonography findings. They conducted early postoperative CT scanning in 73 patients with high-grade gliomas in which residual tumor at the resection site was demonstrated by contrast enhancement in 41 patients (56.2%); MR imaging was performed in only 35 patients, with early postoperative nonlinear contrast enhancement observed in 24 patients (68.6%). In contrast, transcranial sonography revealed a nonlinear hyperechogenic area in 95.9% of their cases, with a volume that exceeded on average the CT-detected volume by 4.4 cm 2 and MR imaging-detected volume by 3.3 cm 2 . The survival rate of patients in whom no enhancement was demonstrated on postoperative MR imaging correlated with significantly longer survival. This finding is in accordance with those of our earlier studies. 1, 26 Additionally patients in whom a smaller hyperechogenic area was observed (Ͻ 4 cm 2 ) on postoperative transcranial sonography had a significantly longer survival rate than those with larger tumor remnants. They concluded that the sensitivity of transcranial sonography exceeds that of CT and matches that of MR imaging but that the disadvantage is a lower specificity. Therefore, a prospective comparative study of both imaging modalities performed intraoperatively as well as confirmation of the findings by histological examination are mandatory.
CONCLUSIONS
Intraoperative ultrasonography and MR imaging may provide the surgeon with valuable information regarding resection control of intraaxial brain neoplasms. After several feasibility studies and technical reports of intraoperative MR imaging and intraoperative ultrasonography, more critical analyses of long-term outcome, side-effects, and cost-benefit ratios are needed. A comparative study will demonstrate the advantages and limitations of both imaging modalities.
